Quantum well (QW) resonances in Fe001=MgO=Fe=MgO=Fe double barrier magnetic tunnel junctions are calculated from first principles. By including the Coulomb blockade energy due to the finite size islands of the middle Fe film, we confirm that the oscillatory differential resistance observed in a recent experiment [T. Nozaki et al., Phys. Rev. Lett. 96, 027208 (2006)] originates from the QW resonances from the 1 band of the Fe majority-spin channel. The primary source of smearing at low temperatures is shown to be the variation of the Coulomb blockade energy.
The tunneling magnetoresistance (TMR) effect [1] [2] [3] in magnetic tunnel junctions (MTJs) has been the focus of spin-dependent transport studies in the past decade. Combining spin-dependent tunneling with resonant tunneling through quantum well (QW) states has also been studied using various layered structures [4 -8] . Theoretical predictions of large boosts in the TMR due to QW resonances [7, 8] attracted considerable interest in such studies. Earlier experiments [4, 5] observed a very small effect that was attributed [8] partly to smearing from the amorphous barrier layers used in the studies. Recent success [9] in achieving a large TMR ratio of over 200% at room temperature in Fe=MgO=Fe100 epitaxial single junctions raised the expectation of observing the QW resonance effect in the double junctions made of the same materials. Indeed, the new report of Nozaki et al. [6] showed oscillations in dI=dV as a function of the bias voltage. However, the effect is still too small to significantly affect the TMR.
A theoretical description for the QW resonance effect in a double barrier magnetic tunnel junction (DBMTJ) so far is limited to qualitative models [7] . The epitaxial systems based on Fe(100) electrodes and the MgO barrier layers, however, require an understanding based on first-principles calculation to distinguish between the effect of the multiple bands present at the Fermi energy in Fe and to correctly identify the QW states. Earlier first-principles work [10] in single barrier Fe=MgO=Fe junctions showed the importance of the Fe(100) 1 band in producing nearly halfmetallic spin polarization of the tunneling current. Because of the predominant s character of the 1 band and its preferential transmission in the MgO barrier layer, this band is also the primary candidate for producing QW resonances [8] . Similar to single barrier MTJs, firstprinciples theory is also a critical step in understanding the QW resonances in double barrier junctions.
In this Letter we present a first-principles calculation of the QW states in the symmetric epitaxial Fe001=MgO= Fe=MgO=Fe DBMTJs. We demonstrate the existence of sharp spin-dependent 1 QW states within the ultrathin middle Fe(001) film from the electronic structure calculation. By matching these QW states to the oscillations found in the experimental measurement [6] , we confirm that these oscillations are indeed caused by the QW states at the ÿ point with the 1 symmetry in the middle Fe film. The shifts in the QW resonances due to the Coulomb blockade (CB) effect are used to estimate the size of the possibly discontinuous middle Fe film, whose scaling with the thickness is shown to be in good agreement with a previous atomic force microscopy (AFM) study [11] . We will also discuss the smearing effect of the CB on the QW resonances.
Similar to previous calculations [8, 10] , the electrode layers of bulk Fe and the middle Fe film are fixed at the lattice constant of 2.86 Å and the MgO lattice constant is taken to be a factor of 2 p larger than that of the iron. This allows all of the layers to match epitaxially. The MgO barrier is fixed at four monolayers (ML), corresponding to a thickness of 1 nm. This is enough to provide a barrier for electron confinement in the middle metallic layer. The thickness of the middle Fe film is varied from 5 ML to 35 ML. All calculations are performed using the layer Korringa-Kohn-Rostoker (KKR) implementation [12] of the local spin density approximation of the density functional theory. The self-consistent calculation is performed in the same manner as in Refs. [8, 10, 13] . Once the electronic structure is converged, the k-resolved density of states (DOS) is calculated at the ÿ point of the twodimensional Brillouin zone.
At the ÿ point the 1 band is primarily of s character (angular momentum l 0). In Fig. 1(a) , we show the calculated s-resolved partial DOS at the ÿ point within the central Fe layer in bcc Fe001=MgO=Fe9=MgO=Fe, with a 9 ML thickness of the Fe layer, compared with the s partial DOS in bulk Fe in Fig. 1(b) . We assume that all of the Fe layer moments are aligned parallel in this system. The bottom of the conduction band in the MgO barrier is about 3.8 eV above the Fermi energy. In the majority channel the 1 band of bulk Fe starts at about 0.9 eV below the Fermi energy. Within the energy range from ÿ0:9 to 3.8 eV in Fig. 1 (a) several sharp spikes in the DOS indicate the existence of majority-spin QW states derived from the 1 band of the middle Fe film. The small coupling through the MgO barrier layers to the electrodes makes the width of these peaks finite. The exponential decay of the wave function, however, is fast in the barrier region, which sufficiently confines these states. The wave functions of the majority-spin QW states extend throughout all 9 ML of the middle Fe film. The states with n 0 and n 1 (n is the number of nodes in the wave function as discussed below) are not shown in Fig. 1(a) clearly, due to their greatly reduced heights near ÿ0:9 V, at the edge of the 1 band. The minority-spin QW states, derived from the 1 band of the minority Fe, are about 1.5 eV above the Fermi energy. For the experimentally applied bias voltage of about 1 to 2 V, the minority-spin QW states are outside the transport energy window. This is consistent with the absence of oscillatory conductance for the antiparallel moment alignment in Ref. [6] .
If the Fermi energy is fixed at that of bulk Fe in the electrodes without any bias, the positions of these QW states in DBMTJs can be determined by the middle film thickness alone. Figure 2(a) shows the majority-spin QW state energies relative to the Fermi energy between ÿ1 and 1 eV for different middle Fe film thickness. These states can be classified according to the number n of nodes in the envelope electron wave functions. When a bias voltage is applied to a symmetric double barrier junction, the Fermi energy of one of the electrodes is shifted V=2 higher and the other V=2 lower than that of the middle Fe film. Thus the energy window for the middle Fe film is from ÿV=2 to V=2, as indicated by the shaded area in Fig. 2(a) . Only QW states within this window contribute to the resonant tunneling. Both QW states above E F (AEF) and below E F (BEF) can contribute, and the order is determined by the absolute distance jE ÿ E F j only. Note that the QW state with n 7 for the thickness of 16 ML is very close to the Fermi energy. A very high TMR could be produced using a 
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We can compare the QW states obtained from the electronic structure calculation with the simple phase accumulation model (PAM), which is often used to describe the quantization condition of QW states [14, 15] , as shown in Fig. 2(a) as the solid lines. According to the PAM, the quantization condition for the existence of a QW state is given by
where k ? 2m E ÿ E L p =@ is the crystal momentum wave vector in the film perpendicular to the Fe=MgO interface, d is the Fe film thickness, and 1 
ÿ is the phase shift on reflection at two Fe=MgO interface. Here m is the effective mass of majority-spin Fe, and E L and E U are the energies of the lower and upper edges of the band gap. We set E L ÿ0:9 eV and E U 3:8 eV, and obtain m 4 from the curvature of the 1 band. is the additional phase shift to account for interface roughness. The best fit near the Fermi energy to the first-principles result is obtained for the PAM if we use 0:6. From Fig. 2(a) it is clear that the first-principles calculation and the PAM agree well for the low n QW states, but large errors develop in the PAM solutions with n > 3. We conclude that the PAM offers only a qualitative description of the QW states.
In Fig. 2(b) , the calculated QW state resonances for different middle Fe film thickness are compared with the experimental resonant voltages [6] (denoted by squares), for four different nominal thicknesses, t 1:0, 1.2, 1.3, and 1.5 nm, respectively. A resonance voltage of the experimental data is taken to be the midpoint between a local maximum and its next minimum on the dI=dV-V curve, corresponding approximately to the maximum of the tunneling current as a function of voltage. The four sets of data are matched to the theoretical QW resonances if the actual thicknesses of the middle Fe film are taken to be 1.2 nm (8-9 ML), 2 nm (14 -15 ML), 3 nm (21-22 ML), and 4.8 nm (33-34 ML) [16] , respectively. The Fe films may consist of small regions of varying thicknesses, so the data are averaged over two nearby layers, as shown in Fig. 2(b) within the dashed boxes for each case. The first peak in conductance curve for the t 1:0 nm sample in Ref. [6] yields a possible resonance at about 0.21 V. No 1 QW state can be found to correspond to this resonance. It is likely a resonance from another k point or is unrelated to QW states.
There is a consistent positive voltage difference between the calculated resonances and the corresponding observed ones. This is due to the Coulomb charging energy in the middle Fe film. In the experiment the actual middle Fe film is likely discontinuous. This leads to a finite Coulomb blockade energy that can be evaluated using a simple capacitance model. When an electron tunnels through the MgO barrier and onto the Fe island, the electrostatic en- Fig. 3(a) Fig. 3(b) . An earlier AFM analysis of granular Fe(110) thin films [11] found a similar relationship between the average island diameter and height (actual film thickness), as shown in Fig. 3(b) . The open squares in Fig. 3(b) represent calculation using d MgO 2:8 nm. TEM pictures [18] show the MgO thickness of these samples to be 2 nm. The apparently larger effective capacitive thickness of the MgO film is probably due to the smaller dielectric constant of a thin film than that of the bulk insulator. In addition, the observed middle Fe film thickness is 5.3 nm [16] for the t 1:5 nm sample, compared to 4.8 nm from matching the QW states. There is about 0.5 nm thickness of the middle layer that does not conduct. This could be either FeO or an interfacial roughness region which adding to the MgO layer leads to an effective capacitance thickness of about 2.5 nm. The formation of a partially oxidized FeO layer at the Fe=MgO interface [19] is also a possible reason that the resonances were observed only in the positive bias direction [6] .
The wide distribution of the island size can lead to large differences in V CB between separate islands. This factor adds to the smearing effect on the oscillatory QW resonances in the I-V curves. Although the smearing effect due to V CB cannot be easily separated from that of diffuse scattering, a qualitative picture can be obtained by an analysis of the low temperature data. In Fig. 4 we show the width of the sharpest resonance in each dI=dV curve as a function of the estimated Coulomb charging energy V CB for the same sample. The strong linear correlation between the two quantities is evident. Because the fluctuation in V CB is approximately proportional to V CB , this figure presents strong evidence that the smearing of the QW resonances is likely dominated by the CB effect at low temperatures.
In summary, we matched experimentally measured oscillatory I-V characteristics in Fe001=MgO=Fe=MgO= Fe DBMTJs to first-principles QW states at the ÿ point of the majority-spin channel in the middle Fe film. The Coulomb blockade effect is shown to play an important role in these systems, determining both the position of a resonance as well as its sharpness. Our result points to a hopeful path for exploiting spin-dependent QW resonances that have so far eluded physicists. The key for reducing the smearing effect appears to be minimizing the CB energy. Thus fabricating a continuous and smooth middle Fe film is critical in such experiments.
